The dose-related effects of single focal irradiation on the medial temporal lobe in rats were investigated by sequential magnetic resonance imaging and histological examination. Irradiation of 200 Gy as a maximum dose using 4 mm collimators with a gamma unit created an area of necrosis consistently at the target site within 2 weeks after irradiation. Irradiation of 100 Gy caused necrosis within 10 weeks, and 75 Gy caused necrosis within one year. Irradiation of less than 50 Gy did not induce necrosis consistently, although a restricted area of necrosis was created in the medial temporal structures including the intraparenchymal portion of the optic tract. 75 Gy may be the optimum dose for creating necrosis consistently in the medial temporal lobe structures. However, careful dose planning considering both dose-time and dose-volume relationships in necrosis development is necessary to avoid injury to vulnerable neural structures such as the optic tract when applying radiosurgical techniques to treat functional brain disorders in medial temporal lobe structures such as temporal lobe epilepsy.
Introduction
Stereotactic radiosurgery allows the application of single high-dose focal irradiation to a focal region without affecting the surrounding brain structures.",",")
This less invasive technique has been applied to the treatment of organic brain diseases such as arteriovenous malformation and brain tumors as well as functional brain disorders such as thalamic pain, parkinsonian tremor, and temporal lobe epilepsy.''1o, 16, 17, 25, 31) and T2-weighted (TR 350 msec, TE 100 msec) magnetic resonance (MR) images of the coronal section of the rat brain were obtained using a surface coil under pentobarbital anesthesia at 2-week intervals for 16 weeks to observe the early changes after irradiation, except for rats which received 200-Gy irradiation, which were sacrificed at 2 weeks after irradiation because of severe brain edema. The late changes were observed in another series of rats irradiated with 25 to 100 Gy by MR imaging obtained one year after irradiation.
Rats were sacrificed after MR imaging by an overdose of pentobarbital, then perfused with heparinized saline and 4% paraformaldehyde. The brains were fixed by 4% paraformaldehyde and embedded in paraffin. Histological examination used HE, Kluver-Barrera, myelin basic protein, and glial fibrillary acid protein (GFAP) staining.
Results

I.
Early changes by MR imaging 200 Gy: All three rats had an extensive area of low T1 and high T2 signal intensity 2 weeks after irradi- ation ( Fig. 2A) . The high T2 signal extended along the white matter to the ipsilateral thalamus , hypothalamus, striatum, and to the contralateral external capsule.
100 Gy: All four rats had an area of high T2 signal intensity 8 to 10 weeks after irradiation (Fig . 2B ), whereas the area was T1, isointense in three rats and hypointense in one rat. The high T2 signal intensity tended to extend widely to various ipsilateral brain structures as observed in the 200 Gy group .
75 Gy: One of five rats had an area of low T1 and high T2 signal intensity at the target site 8 weeks after irradiation, which increased in size afterwards (Fig. 2C) . No significant MR imaging changes were observed in the other four rats during the observation period of 16 weeks.
50 Gy: One of five rats had an area of low T, and high T2 signal intensity 16 weeks after irradiation (Fig. 2D) . No significant MR imaging changes were observed in the other four rats during the observation period.
25 Gy: None of the five rats showed significant MR imaging changes for 16 weeks.
II. Late changes by MR imaging
100 Gy: One rat had an area of low T1, and high T2 signal intensity with a sharp margin at the target site corresponding to the 50% isodose line (Fig. 3A) .
75 Gy: All three rats had an area of low T1, and high T2 signal intensity at the target site correNeurol Med Chir (Tokyo) 39, January, 1999 sponding to the 80% isodose line (Fig. 313) .
50 Gy: Three of four rats had spherical areas of low T, and high T2 signal intensity localized at the medial temporal lobe structures including the amygdala and the intraparenchymal portion of the optic tract (Fig. 3C ).
25 Gy: One of three rats had a spherical area of low T, and high T2 signal intensity of 2 mm in diameter localized at the amygdala and the intraparenchymal portion of the optic tract (Fig. 3D) .
III. Early histological changes
200 Gy: Rats were sacrificed 2 weeks after irradiation because of severe brain edema. Necrosis was observed in all three rats at the target site corresponding to the 50% isodose line. The area of necrosis contained histolysis, karyolysis, microhemorrhage, and hyaline degeneration of the arteriole walls. The necrosis was surrounded by an area of edema, demyelination, and GFAP-positive astrocytosis.
100 Gy: Necrosis was observed in all four rats corresponding to isodose lines from 50% to 80% at the target site 16 weeks after irradiation. The area of necrosis contained cavity formation with calcification, infarction, capillary thickening, and thrombosed vessels. The area surrounding the necrosis demonstrated edema, demyelination, astrocytosis, and dilatation of vessels. An extensive GFAP-positive area was observed throughout the ipsilateral hemisphere in all rats (Fig. 4 upper) . only at the margin of the necrosis. 75 Gy: An area of liquefied necrosis with a sharp margin corresponding to the 80% isodose line was observed 1 year after irradiation in all three rats. Demyelination and GFAP-positive astrocytosis were localized only at the margin of the cavity created by necrosis (Fig. 4 lower) .
50 Gy: An area of liquefied necrosis with a sharp margin was demonstrated in three of four rats. The cavity was oval with the largest diameter of 0.5 to 3.5 mm. The center was located at the optic tract. Demyelination and GFAP-positive astrocytosis were localized at the margin of the cavity.
25 Gy: An area of liquefied necrosis of 2 mm was observed at the site of the optic tract in one of three rats (Fig. 5) . Demyelination and GFAP-positive astrocytosis were localized at the margin, where macrophages with hemosiderin, thickening of the arteriolar walls, and arterial thrombosis were observed.
Discussion
Previous studies of single focal high-dose irradiation in normal brain tissue [1] [2] [3] [4] 6, 8, 9, 11, 13, 18, 19, 30, 31) have suggested a dose-related correlation between irradiation dose and time to development of necrosis (Table  1 ). An autopsy series in patients with malignant pain3l) found that over 160 Gy of single focal irradiation was necessary to consistently create an area of necrosis at the thalamus. Focal irradiation of 150 Gy by 8 mm collimators in baboons19) created an area of necrosis in the thalamus and pons 24 weeks after irradiation, whereas 100 Gy by 4 mm collimators resulted in the appearance of an area of necrosis 90 days after irradiation in rats,11) and irradiation with 75 Gy by 10 mm collimators created an area of necrosis after 6 months in cats . 30 The extensive GFAP-positive area in the whole ipsilateral hemisphere in the early phase was considered to be the reaction of astrocytes to brain edema caused by radiation injury of the vascular endothelium.1ss1
In contrast, one year after irradiation, GFAP-positive astrocytosis was confined to a sharp, thin margin of necrosis with no obvious histological changes in the surrounding tissue. This study suggests that 75 Gy is the optimum dose for creating necrosis consistently within 1 year in the medial temporal lobe structures corresponding to the 80% isodose line using 4 mm collimators. However, much lower dose induces necrosis in vulnerable neural structures such as the intraparenchymal portion of the optic tract. Careful dose planning considering both the dose-time and dosevolume relationship for the development of radiation necrosis is necessary to apply radiosurgical techniques to functional disorders in medial temporal lobe structures.
Further study of the functional 
